Although undernutrition and starvation continue to a ect a substantial portion of the world's population, billions of people in both developed and developing countries are a ected by the opposite problem: consumption of calories that exceed their daily energy expenditure, a condition of overnutrition. e body's response to a positive net energy balance is to store energy, predominantly as triglyceride molecules, in the subcutaneous and visceral fat compartments that expand and ultimately manifest in obesity. e body's fat depot, however, does not have an in nite capacity to store and expand, and at set points, which di er from individual to individual and are also in uenced by ethnicity, energy substrates 'spill over' , resulting in 'ectopic' fat storage in tissues and organs that are not typically major fat storage depots in lean individuals. A complex web of nutrient overload, chronic in ammation, hormonal action, mitochondrial dysfunction and insulin resistance, to mention some of the factors involved, results in devastating metabolic abnormalities that have far reaching implications for health and disease, leading ultimately to some of the most common chronic diseases of our time; i.e., diabetes mellitus, cancer, chronic liver disease and atherosclerosis. Given the complexity and wide-ranging manifestations of overnutrition (also referred to here as insulin resistant states), we will highlight a speci c aspect of the condition, that of dyslipidemia.
Introduction -in vi o integrative physiology research; strengths and weaknesses.
e complexity of biological systems such as the human body can be overwhelming for the scientist intent on deciphering the functioning of such a system. Where do we even begin in trying to gure it all out? e reductive scienti c method, in which molecules, cells and organs are isolated and studied in vitro or ex vi o, has yielded a treasure trove of information about the functioning of the human body, in health and disease. e molecular biology revolution has greatly accelerated the pace of that discovery. A major limitation, however, of these in vitro model systems, is the loss of the complex interactions between molecules, cells and organs, which cannot be completely replicated outside of the living organism. e complexity of the cross-talk and communication between various parts of the body, and the loss of that cross talk in ex vi o experimental model systems, may have a profound impact on the experimental results, not infrequently resulting in completely di erent or even opposite experimental ndings, depending on the experimental conditions.
In vi o studies in animals and humans overcome some of these di culties but have their own set of well appreciated limitations. Species other than the human are frequently utilized for biological experiments in order to enhance our understanding of the function of the human body in health and disease, for obvious practical reasons. ere are major interspecies di erences that may seriously limit the applicability of ndings from animal models to the human. is is particularly true in studies of lipoprotein metabolism, in which key enzymes or lipid transfer factors that play a fundamental role in lipoprotein metabolism may be expressed at very di erent levels or may be completely absent in certain species but not in others. Studies in humans can only go so far in examining mechanisms of disease, since human studies are frequently limited by the inability to obtain internal organ tissue samples, to manipulate genes and to utilize small molecule activators and inhibitors or biologics to examine gain or loss of function, not to mention the inability to isolate and study mechanisms at the cell and molecular level. Despite the obvious limitations of in vi o integrative physiological studies, we will provide a few examples of how these types of studies can yield interesting results that enlighten us about the functioning of the human body. is brief review will focus on work from the author's lab and is not intended to be a comprehensive review of the many studies conducted by numerous outstanding research groups over the past few decades.
Why does overnutrition result in hypertriglyceridemia?
For a metabolite such as triglyceride (TG) that is constantly being produced and cleared from the body, steady state is maintained when production matches clearance. e concentration of the metabolite in a body compartment such as the circulation (referred to as the pool size) is determined by the balance between production and clearance. Elevation of triglycerides, or more speci cally the triglyceride-rich lipoprotein particles (TRL), in the circulation results from one of two biological processes, an increase in production that exceeds its rate of removal or a reduction in its removal the magnitude of which exceeds its rate of production, or a combination of these two mechanisms. A variety of tracer techniques are available for evaluating TRL-TG and TRL-apoB-100 (a measure of VLDL particle production since there is one apoB-100 per VLDL particle) kinetics in vi o. Most contemporary methods make use of stable isotope-labeled tracers to measure the rate of incorporation and/or loss of the tracer into TG or apoB in TRL, o en in combination with compartmental modeling analysis [1] . Application of this methodology to animal models or humans who have insulin resistance, obesity, metabolic syndrome or type 2 diabetes have demonstrated a consistent increase in secretion of TG or hepatically-derived VLDL-apoB-100 (the major TG-carrying particle in fasted, normolipidemic humans), with a less consistent reduction in clearance of these particles, the latter becoming a more prominent feature of poorly controlled type 2 diabetes [2] . We and others have demonstrated the important role played by free fatty acids (FFA) [3;4] and monosaccharides [5] in driving the production of hepatic and intestinal TRL production and the modifying role of hormones such as insulin [3;6;7] , glucagon [8] and of gut peptides GLP-1 [9] and GLP-2 (manuscript in preparation) on this process (reviewed in [10] [11] [12] [13] [14] [15] ). ese in vi o studies in the intact organism control for and take into account the compensatory factors that come into play in the body. In vitro and animal studies have, in most cases, been supported by our ndings in humans [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] , with the human studies providing clinical relevance to the animal work and the animal studies providing additional insights regarding the molecular regulation of TRL production in these states of overnutrition.
Approximately 10 years ago, utilizing the fructose-fed Syrian Golden hamster as a model of insulin resistance-induced hypertriglyceridemia, in collaboration with Dr. Khosrow Adeli (Department of Laboratory Medicine and Pathobiology, University of Toronto), we observed an increase in intestinallyderived chylomicron-apoB-48 TRL secretion that accompanies the well-appreciated overproduction of hepatic apoB-100-containing VLDL [27] . is increase in chylomicron production occurred even in fasted animals and re ected overproduc- Does the intestine contribute in a quantitatively meaningful way to the dyslipidemia and atherogenicity of insulin resistant states?
It is important to appreciate that in fasted humans TRL apoB-48, a marker of intestinally derived chylomicron particles, is approximately one hundredth that of TRL apoB-100, a marker of hepatically-derived VLDL particles, and this proportion of particle numbers does not change dramatically in the postprandial state [29] . e triglyceride-carrying capacity of VLDL and chylomicrons di ers markedly, however, with chylomicrons having the capacity to expand markedly in size in the postprandial state and transport far greater numbers of triglyceride (and cholesteryl ester) molecules per particle than VLDL, but the atherogenicity of the particles is felt to be related primarily to particle numbers, size and composition, all of which a ect their capacity to cross the endothelial surface of arteries. e apoB-48-containing, cholesteryl ester-rich, smaller chylomicron remnant particles that result from lipoprotein lipase hydrolysis of large, TG-rich chylomicron particles are felt by some to be highly atherogenic [30] . It is not clear, however, whether they are more atherogenic than the apoB100-containing 'remnants' of VLDL particles; the intermediate density lipoproteins (IDL) and low density lipoproteins (LDL). Since IDL and LDL particles are far more numerous in the circulation than chylomicron remnants, it stands to reason that they will contribute en masse far more to the atherogenic process than apoB-48-containing particles. Furthermore, the increased apoB-48-containing particle production, which is a feature of insulin resistant states, likely aggravates the postprandial hypertriglyceridemia that characterizes these conditions, but quantitatively probably does not contribute substantially to the fasting hypertriglyceridemia of these conditions. In summary, although overproduction of apoB-48-containing chylomicron particles in insulin resistant states has been well documented in animal models and in humans, and the mechanisms are beginning to be elucidated, it is not known how much this phenomenon contributes quantitatively to the hypertriglyceridemia or the atherogenicity of these conditions.
Why is high density lipoprotein (HDL) cholesterol content and particle number reduced in insulin resistant states?
ere are numerous genetic, metabolic and in ammatory causes of low HDL, with insulin resistant states being foremost amongst them. Whole body tracer and stable isotope enrichment studies in animals and humans conducted over the past few decades have consistently shown that accelerated clearance rather than reduced production of HDL particles underlies most conditions of HDL de ciency [31] . It has also become apparent that the composition of HDL particles markedly affects its clearance from the circulation, contributing to a lowering of HDL cholesterol and, to a lesser extent, apoA-I concentrations (a surrogate of HDL particle numbers since there are two to four apoA-I molecules per HDL particle). e typical dyslipidemia of insulin resistant states (obesity, metabolic syndrome and type 2 diabetes) is characterized by hypertriglyceridemia, low HDL and small, dense LDL particles. We have shown, in a series of experiments in humans and in the New Zealand White rabbit, that the hypertriglyceridemia of insulin resistant states results in modi cation of HDL composition, including but not limited to triglyceride enrichment and cholesteryl ester depletion of the HDL particles, which, in the presence of the enzyme hepatic lipase, results in loss of apoA-I from the circulation and ultimately a lowering of HDL concentration [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] . Clearly, this is not the only mechanism for HDL lowering in these conditions but it appears to be an important pathway. In summary, the 'innocent bystander' theory of HDL lowering in insulin resistant states suggests that as a consequence of the hypertriglyceridemia, exchange of lipids and apolipoproteins between the elevated pool of TRL and HDL, altered HDL composition predisposes the HDL particle for hepatic lipase-mediated hydrolysis and clearance by liver and kidney of the resulting HDL remnants and free or lipidpoor apoA-I shed from HDL in the process of lipolysis. It is unclear, at the present time, whether low HDL is simply a marker of the atherogenic state that accompanies insulin resistance or whether low HDL is directly implicated in promoting atherogenesis by virtue of the diminished number of HDL particles in these conditions. us far, studies of the pharma- 
Summary and conclusions.
We have provided a few examples of how integrative, whole body, mechanistic studies in animal models and humans can shed light on clinically important aspects of lipoprotein metabolism, with a focus on the typical dyslipidemia of insulin resistant states. Lipoprotein physiology lends itself to whole body, integrative physiological studies in view of the complex interactions between classes of lipoprotein particles in the circulation and between lipoproteins and tissues. It is also a eld in which profound interspecies di erences can lead to misleading or incorrect assumptions in extrapolating ndings from animal models to the human. Validation of ndings in a wide range of experimental model systems and in di ering species, including studies in humans, is necessary to avoid the pitfalls discussed above. Employing both in vi o and in vitro experimental methods will continue to move the eld ahead and expand our knowledge of the devastating metabolic consequences of overnutrition.
Acknowledgements & Financial Support
e author expresses his thanks to the present and past members of his laboratory and to the research subjects who have participated in studies upon which the scienti c content of this review is based. GFL holds the Sun Life Financial Chair in Diabetes and the Drucker Family Chair in Diabetes Research. Funding for this work is from the Canadian Institutes of Health Research, Heart and Stroke Foundation of Canada and the Canadian Diabetes Association. 
List of Abbreviations

